Producing transportation fuels from bio sources was of prime importance due to the strict environmental legislations for producing clean fuels from conventional oil resources. However, the economical impacts of the biofuel production should be considered. In this study, the production of bio-naphtha and biodiesel from palm oil using homogeneous catalyst, i.e. an aqueous phase of ammonium molybdate, was studied. This catalyst was prepared by dissolving sodium molybdate in de-ionized water with hydrochloric acid, and then neutralizing the mixture with ammonium hydroxide. The solution was dried at 90 °C for 24 h to obtain ammonium molybdate. Then, characterization of the catalyst was done by informative techniques, such as XRD and FT-IR. The results showed that the main phase of the synthesized catalyst was molybdate ammonium hydrates (4MoO3.2NH3.H2O), and also bands of Mo-O, Mo-O-Mo, N-H and surface hydroxyl groups were observed in the sample. Moreover, activity test confirms that the bio-naphtha produced from the proposed method has a few aromatic components, and its sulfur content was negligible. Moreover, ash, nitrogen, sulfur and carbon residue were not detected in the produced biodiesel, and its Cetane index was 66.3. Therefore, it was a suitable fuel for diesel engines vehicles.
Introduction
Nowadays, due to the stringent environmental legislations, it is mandatory to produce clean fuels, and therefore renewable energy sources and modern technologies are needed which is also expected to overcome the energy fossil limitation issues. One of alternatives is biodiesel which can reduce dependence on fossil fuels [1] . However from economics point of view, the biodiesel is not comparable with the petroleum based diesel due to its high production cost and feed-stock price [2] . The required raw materials can be obtained from a wide variety of bio sources; however, technical and economic feasibility, environmental effects, accessibility and national policy concerns must also be considered [3] . Vegetable oils manufactured from crops such as palm, jatropha, soybean, rapeseed, and residues can be used for producing bio diesel [4] . In recent years, biodiesel produced from palm oil has been identified as a renewable energy source with huge potential in the future [5] .
There are four primary methods to make biodiesel, i.e. blending, microemulsion, cracking and transesterification. In the latter method, the transesterification of triglycerides (vegetable oil and animal fats) with alcohol is carried out in the presence of a catalyst where the triglycerides in the vegetable oil with alcohol form a mixture of fatty acid alkyl esters and glycerol [6] . This process is catalyzed by catalysts with both acidic and basic sites in the homogeneous or heterogeneous phases [7] [8] . However, mineral chemical catalysts have some unavoidable drawbacks, such as environmental pollution and methanol consumption, a large amount of alkaline wastewater products and difficulties in catalyst recovery and reuse [9] [10] . These problems can be solved by using some new heterogeneous catalysts such as solid acids, resins, or zeolites in transesterification [11] [12] [13] [14] . But, all these processes and catalysts still have some problems related to environmental safety, catalyst recyclability, and also disposal of the spent catalyst [15] .
The other common method which is applied to produce biofuel from vegetable oil is thermal cracking and hydrogenation of vegetable oil in different reaction conditions and catalysts [16] [17] [18] [19] [20] [21] [22] . Based on our knowledge, hydroconversion of vegetable oil using Mo-based catalyst in the homogeneous aqueous phase is not reported in the previous researches. This article provides the production of biofuels from palm oil using a hydrogenation process in the presence of an emulsion homogeneous catalyst complex comprising an aqueous mixture of ammonium molybdate.
Materials and Method

Feed stock and catalyst preparation
To prepare catalyst, at first 1.2 g of commercial sodium molybdate with the purity of 98% is dissolved into minimum amount of de-ionized water (5 mL). Then, 5 mL of hydrochloric acid (purchased from Merck Company, Cat. No. 1003178) is added to this mixture to meet the pH value of 2; therefore, sodium molybdate is converted to chloride salts as follows:
The resulted solution is gradually neutralized with 2.5 mL of ammonium hydroxide solution (purchased from Sigma-Aldrich Company CAS No. 1336-21-6) to reach the pH value of about 11. This solution is heated to 90 °C, and kept for 24 h at this condition to produce ammonium molybdate as follows:
After 24 h, the mixture is filtered, and the cake is washed three times with the de-ionized water; then, it is dried for 48 h at the room temperature. For performing the activity test, this synthesized solid catalyst is dissolved in the de-ionized water, and is used as the homogeneous catalyst phase for the hydrogenation of palm oil.
To determine the structure of this catalyst, Philips X-ray diffractometer model PW 1840 (APD -software package and JCPDF -search files) is used. The data obtained were evaluated by ASTM D3942 and D5357 test methods. The Fourier transform infrared spectroscopy (FT-IR) of the catalyst was measured using a Vertex 70 (Bruker) device. Moreover, Anton Paar Viscometer (model SVM 3000) was used for measuring viscosity of feed and products according to ASTM 445 test procedure. All required densities were measured using ASTM 5002 standard method.
Pilot plant test
To study the activity of the hydrogenation catalyst to produce biodiesel from palm oil (see Table 1 ), experiments were conducted in a batch reactor. The simplified process flow diagram of the hydroconverting process is presented in Figure 1 . The hydroprocessing reactions are performed under the hydrogen pressure of 70 barg, temperature of 450 °C, hydrogen to hydrocarbon ratio of 500, and the resi- [23] .
To perform the activity test, at first the homogeneous phase of the catalyst should be prepared. Therefore, 1.1 g of the synthesized solid catalyst (see Section 2.1) is added to 10 ml of de-ionized water. This mixture is dispersed with the mixing rate of 400 rpm at 50 °C for 30 min. Then, 1000 g of palm oil is mixed with the prepared homogeneous aqueous catalyst phase in the reactor at the room temperature. Then, all input and output valves (see Figure 1 ) of the reactor are closed, and the reactant is agitated for 30 min with the rate of 1000 rpm to prepare a homogeneous aqueous phase. During the agitation, the temperature increases only up to 200 °C to prevent from initiating hydrocracking reactions. Then, the required hydrogen is injected to the reactor from the feed line, and the temperature of the reactor increases to 450 °C during 50 min. After this point, hydroconversion reactions are carried out for 30 min under the pressure of 70 barg. Finally, heating system is promptly shut down, and hydrogen gas is injected to the reactor to cool down the reactant.
Results and Discussion
Characterization of hydrogenation catalyst
In Figure 2 , the XRD patterns of the precursor and the synthesized catalyst are presented. From Figure 2a , it can be concluded that the phase of the commercial sodium ammonium molybdate is NaNH4Mo3O10.H2O (JCPDS No. 36-335). Moreover, according to the XRD pattern of the catalyst (see Figure 2b ), the main In Figure 3 , the FT-IR spectrum of the synthesized ammonium molybdate is presented. Vibrations at bands 620, 880 and 990 cm -1 represent stretching of Mo-O bond and stretching and bending bonds of Mo-O-Mo, respectively. The bands at 3156-3163 cm -1 and 3400 cm -1 can be assigned to stretching of N-H bond and surface hydroxyl groups of the sample, respectively [24] [25] .
From Figures 2 and 3 , it can be concluded that Na atoms are eliminated from the structure of the synthesized catalyst. Therefore, high carbon content species and light cracked gases could be reduced during the proposed process [26] . After hydroconverting palm oil, no coke was detected on the outer surface of the reactor. Moreover, a low yield of cracked gases (less than 5 wt%) was observed under the reaction condition. It was supposed that these results were mainly attributed to Na elimination from the structure of the catalyst.
True boiling point (TBP) curve of the product
After performing the hydroconversion process under mentioned conditions (Section 2.1), the TBP curve of the feed and product are shown in Figure 4 . To confirm the repeatability of the result, the hydroconversion of palm oil was performed three times under the same conditions which were called H1, H2 and H3. From this figure, it can be found that using the proposed method, about 13.5, 51.5, and 43 volume% of the palm oil can be converted to products in the boiling point range of naphtha (50-180 °C), diesel (180-350 °C) and heavy gas oil (350-520 °C), respectively. The water content of the product was less than 1.5 vol.%. Moreover, the specific gravity of the product was 0.85.
According to the literature, there are three main fatty acid molecules in the palm oil triglyceride i.e. miristic acids (C14) that have no double bond in the structure, palmitic acids (C16) also with no double bond, and oleic acids (C18) that have one double bond in the middle of the carbon chain [27] . Therefore, it is supposed that during hydroconversion of palm oil, cracking reactions converts long chains of palmitic, oleic and miristic acids to the smaller ones to produce smaller molecules.
Specifications of the bio-naphtha
The produced naphtha from hydroconversion of the palm oil had the specific gravity of Moreover, the PONA analysis showed that the aromatic, olefin and paraffin content of the naphtha were 7.9, 0.29 and 91.5 wt.%, respectively; but, the sulfur and nitrogen content of that were negligible. Furthermore, the RON index of this product was about 51.8. From these results, it is concluded that the produced bio-naphtha cannot be directly used as a motor fuel, and other finishing processes such as catalytic reforming should be provided.
Specifications of the biodiesel
The produced biodiesel from hydroconversion of the palm oil had the specific gravity and flash point of 0.8 and 88 °C, respectively. Moreover, the kinematic viscosity at 40 °C and Cetane index of this product were 3.01 cSt and 66.3, respectively. No ash, nitrogen, sulfur and carbon residue was observed in the produced biodiesel. Moreover, saturate and aromatic contents of the diesel were 74.9 wt% and 15.1 wt%, respectively. Based on the EN 590 (published by the European Committee for Standardization, Euro 6-2014), the lower Cetane index and the upper final boiling point of diesel are 46 and 360 °C, respectively, with a sulfur content less than 10 ppm (wt). Moreover, the kinematic viscosity of such fuel should be in the range between 2 and 4.5 cSt. Thus, the biodiesel produced from the hydroconversion of palm oil is a good candidate to be used as a premium blending fuel in the diesel pool of a refinery.
Specifications of the bio-heavy gas oil (350-520 °C)
The produced bio-heavy gas oil had the specific gravity and pour point of 0.875 and 31 °C, respectively. Moreover, the kinematic viscosity of this product at 40 °C and 100 °C were 17.39 and 4.32 cSt, respectively. No ash, nitrogen and sulfur were observed in this product; but, the carbon content of that was about 0.04 wt%. It is supposed that the bio-heavy gas oil produced from the hydroconversion of palm oil is a suitable feed for the vacuum gas oil hydrocracker unit in a refinery to be converted to naphtha and diesel.
Conclusions
Palm oil was successfully hydroconverted to bio-naphtha, biodiesel and bio-heavy gas oil using an aqueous ammonium molybdate catalyst in a homogeneous phase. XRD patterns of the prepared catalyst showed that the main component of the precursor was sodium ammonium molybdate. Additionally, the structure of catalyst was composed of molybdate ammonium hydrates, and also Na atoms were eliminated from the structure of catalyst. The FT-IR spectrum of the catalyst indicated the appearance of Mo-O, N-H, Mo-O-Mo bonds and surface hydroxyl groups.
According to the hydroconverting experiments in a batch reactor, it was concluded that the produced biodiesel from palm oil had an acceptable specification for being used as a blending fuel in the diesel pool. However, bionaphtha should be pre-processed before using as a motor fuel. Moreover, the bio-heavy oil attained in the proposed process was a good feed for the vacuum gas oil hydrocracker in a crude oil refinery to produce clean naphtha and diesel.
